When creating asteroid regolith simulant, it is necessary to have a model of asteroid regolith to guide and to evaluate the simulant. We created a model through evaluation and synthesis of the available data sets including (1) the returned sample from Itokawa by the Hayabusa spacecraft, (2) imagery from the Hayabusa and NEAR spacecraft visiting Itokawa and Eros, respectively, (3) thermal infrared observations from asteroids, (4) the texture of meteorite regolith breccias, and (5) observations and modeling of the ejecta clouds from disrupted asteroids. Comparison of the Hayabusa returned sample with other data sets suggest the surficial material in the smooth regions of asteroids is dissimilar to the bulk regolith, probably due to removal of fines by photoionization and solar wind interaction or by preferential migration of mid-sized particles into the smooth terrain. We found deep challenges interpreting and applying the thermal infrared data so we were unable to use those observations in the model. Texture of regolith breccias do not agree with other data sets, suggesting the source regolith on Vesta was coarser than typical asteroid regolith. The observations of disrupted asteroids present a coherent picture of asteroid bulk regolith in collisional equilibrium, unlike lunar regolith, HED textures, and the Itokawa returned sample. The model we adopt consists of power laws for the bulk regolith in unspecified terrain (differential power index -3.5, representing equilibrium), and the surficial regolith in smooth terrain (differential power index -2.5, representing disequilibrium). Available data do not provide adequate constraints on maximum and minimum particle sizes for these power laws, so the model treats them as user-selectable parameters for the simulant.
Introduction
Regolith simulants are needed for a variety of engineering and scientific tests (Metzger et al., 2016) . NASA requires that simulants be graded according to the Figure of Merit system (Schrader et al., 2009 ) as part of an attempt to stop the misuses that have occurred with lunar soil simulants (Taylor and Liu, 2010; Taylor et al., 2016) . This is discussed further in "Status of Lunar Regolith Simulants and Demand for Apollo Lunar Samples," by NASA's Lunar Exploration Analysis Group (LEAG).1 To create asteroid regolith simulant, and to evaluate it by this Figure of Merit system, it is necessary to have a reference model of asteroid regolith's particle size distribution. We identified four data sets to analyze for the reference model: (1) regolith particles returned by Hayabusa from asteroid Itokawa, which provides a power law, a minimum size, and a maximum size subject to the sampling method; (2) infrared observations of asteroids, which provide mean particle sizes of the surface material as a function of asteroid diameter and class; (3) analyses of observed dust dispersion from disrupted asteroids; and (4) the measurements of grain sizes in regolith breccia meteorites. The only returned sample of asteroid regolith to-date was from the Hayabusa spacecraft at near-Earth asteroid (25143) Itokawa (Tsuchiyama et al., 2011) . This sample represents only one type of terrain on one size and class of asteroid in one solar system environment, so we do not adequately understand the range of possible particle size distributions. There is also a question whether the sampling method may have biased the size distribution because it did not function as planned (Yoshikawa et al., 2015) . As new data and returned samples become available the reference model we present here should be updated.
Variations in Asteroid Regolith
For particle size distributions we found it necessary to distinguish between the surface lag deposit on an asteroid versus regolith material in the bulk. Regolith is created and continuously reworked by the collisional environment of the asteroids (Cheng, 2004) . Close encounters with major planets may also reset the structure of a rubble pile asteroid by disrupting and mixing regolith (Richardson, et al., 1998) and possibly releasing subsurface fines to be swept away by the solar wind (Sickafoose, et al., 2002) . Following each such disruption, thermal cracking creates new fines at the asteroid's surface (Delbo et al., 2014; Eppes et al., 2010) but only within the penetration depth of the thermal wave, typically a few centimeters, so regolith near the surface should become finer than the regolith beneath it, and this enhancement of fines should be more rapid closer to the surface where the thermal wave's amplitude is greater. The fines may fall into the subsurface via gravity and vibration while restrained by cohesion (Britt and Consolmagno, 2001) . Solar wind and photoionization may also winnow these fines off the surface where sunlight penetrates to charge them (Lee, 1996) , so the surface may "deflate", developing a lag surface of gravel-sized particles in the sunlight overlying the fines layer, preventing further stripping and deflation. Keihm et al. (2012) using data from Rosetta's flyby of (21) Lutetia found the regolith has lower thermal inertia in the upper few centimeters, increasing with depth "in a manner very similar to that of Earth's Moon," which is consistent with the hypothesis that asteroid surface material is physically different than the bulk.
A list of symbols for the model is provided in Table 1 . Particle diameter at which 84%wt of the regolith is finer m ̂ Geometric mean particle size m ̂V Volume-weighted (or mass-weighted) mean particle size m ̂S Surface-area-weighted mean particle size m A type of particle average size, defined in the text m 〈 〉 A type of particle average size, defined in the text m Asteroid diameter km Parameter to scale the surface area occupied by non-round particles Gravity m/s2 Power index *
Effective power index calculated for HED meteorites

Hayabusa Returned Sample and Imagery
The Hayabusa mission found the surface of Itokawa included smooth terrain that covered about 20% of the surface and rough terrain that covered the rest. Boulders were counted in Hayabusa imagery in which blocks >5 m could be resolved, cobbles were counted in several locations in close-up imagery, and fine particles were measured in a returned sample. Boulder distributions were found to have cumulative power index −3.1 ± 0.1 (Michikami et al., 2008) The fines sample returned from Itokawa is not well understood because the sampling operation did not function as planned (Yoshikawa et al., 2015) and it is unclear whether electrostatic forces or other factors may have resulted in particle size segregation. After return to Earth, the sample was removed from the sampler by tapping followed by swiping with a spatula, which segregated the particles into coarser and finer fractions (Tsuchiyama et al., 2011) . The finer "spatula sample" < 1 µm to ~20 µm was found to have a cumulative power law index of −2.8 (differential index −3.8), while the coarser "tapping sample" ~10 µm to 100 µm had a cumulative index −2.0 (differential −3.0) (Tsuchiyama et al., 2011). The change in slope may be an artifact of segregating the particles in Earth's gravity because the change in slopes occurs where gravity separated them. When the spatula and tapping data sets are mathematically recombined as shown in Fig. 1 they collectively follow a cumulative index −1.5 (differential −2.5). The smallest particles identified in the Hayabusa sample are submicron and can potentially be undercounted by cohesively bonding with larger particles. The largest collected particle ~100 µm depended on the collection method so it is possible this power index extends far above 100 µm. Our goal is to create a math model that spans these three data sets (boulders, cobbles, and fines). The cobbles and boulders share a common power index (Miyamoto et al., 2007) . There is a large size gap from the largest returned fine particle at 100 µm and the smallest counted cobble at 0.2 m, and the power index must change somewhere in the gap. The simplest model is to assume only these two power indices exist,
and the differential distribution is continuous at the transition,
The 50 m upper size limit in Eq. 
Integrating finds the X parameters of geotechnical engineering, defined as the particle diameters such that X% of the regolith's mass resides in smaller particles,
We find 16 = 0.885 m, 50 = 6.77 m, and 84 = 28.6 m. The median particle size in geotechnical engineering is 50 , while the geometric mean is ̂= √ 16 50 84 3 = 5.56 m. We also calculate the volume-weighted average particle size, 
Infrared Observations
For the infrared observations of asteroid regolith, the theory of Gundlach and Blum (2013), hereafter GB, attempts a correlation between mean particle size and observations of globally averaged thermal inertia. The results are replicated in Fig. 4 , with an added fitting function for the smaller asteroids and another for the larger asteroids, Ideally, a theory like this could be used for the asteroid simulant reference model. However, we discovered there is a problem reconciling GB with the size distribution in (1) or similar equation that includes boulders normalized to the surface area of the asteroid. The resulting mean diameters from Eqs. (5) -(8) are two orders of magnitude higher than the 4.2 −2.8 +0.6 cm mean diameter predicted by GB (Gundlach and Blum, 2013) . This raises the question what globally averaged "mean size" means. There are many definitions of mean size depending on how the particle size appears in the equations and how the equations are averaged. The equations in GB use particle size with exponent unity in the radiation term and inverse unity in the conduction term, so presumably an average over each term would result in two different mean values, 〈 〉 ̂= 1,277 −0.32 ̂= 4.43 −1.74 and 〈 −1 〉 −1 , where the angle brackets represent a type of averaging. This could be the volumeweighted average as in ̂V , or the area-weighted average as in ̂S , or perhaps the geotechnical median or geometric mean, both based on mass fractions (Carrier et al., 1991) or any mean diameter of the form
for all m and n, where the mth moment of the differential size distribution is
We have tried all these but found no definition of mean value that works for GB predictions within an order of magnitude for both the Itokawa distribution in Eq. (1) and the lunar data set that was used to validate GB.
A second problem is that the lunar soil measured in laboratories to validate GB had been presieved to remove larger particles (McKay et al. 1974; McKay et al. 2009 ) so its sizes ranged only ~1 μm to 1 mm (3 orders of magnitude), much narrower than Itokawa's in situ particles ~1 μm to ~50 m (7.5 orders of magnitude). Cobbles and blocks have much larger diameter than the depth of the thermal wave into the subsurface fine particles (approximately 5 cm based on our modeling of Itokawa), so it is problematic to average embedded boulders and cobbles >5 cm together with fines for a mean size in thermal conductivity equations. Particles >5 cm cover 79.8% of the asteroid's surface according to Eq. (4). Until additional theoretical progress is made, we do not believe we can use globally averaged thermal observations to extrapolate Eq. (9) from Itokawa to other sizes of asteroids, although GB shows there is a size dependence.
Disrupted Asteroids
For the size distribution of bulk regolith below the weathered surface, we rely on analyses of the active asteroids. There are multiple mechanisms that may eject dust from asteroids, including sublimation of ice, thermal release of water from hydrated minerals, and electrostatic forces. Jewitt (2012) provides an extensive review. We focus on four cases that appear to have been caused by collisions or rotational disruption: P/2010 A2 (LINEAR), P/2012 F5 (Gibbs), 596 Scheila, and a zodiacal dust band possibly associated with the Emilkowalski cluster. 3 km and the ejecta mass is 4% to 20% of the non-ejected mass. Therefore, if ejection is assumed uniform across the sphere (worst case for sampling bulk material), the outermost 2.6 to 17.7 m of material was ejected, and the vast majority of the material would be well below the weathered layer modified by thermal cracking and deflation. Assuming this thermal wave weathered layer is 5 cm thick, the weathered material would constitute only 0.3 -2% of the ejecta mass, not a significant contributor. If ejection is from a localized crater, then the surficial contribution is far less. Therefore, disrupted asteroid tails can be interpreted as samples of bulk material.
For P/2010 A2 (LINEAR), by comparing numerical simulations to observations of the particles in the tail dispersing via radiation pressure, the ejected particle diameters have been found to range from min = 0.6 to max = 40 mm (Hainaut et al., 2012; Jewitt et al., 2013) . (We converted grain radii to grain diameter, following convention of the simulants literature.) The modeling shows the differential particle size distribution is consistent with a power law having index = −3.3 ± 0. For the zodiacal band, Kehoe et al. (2015) identified the likely source as the parent body of the Emilkowalski cluster, ~10 km, in a collision that occurred significantly less than 1 million years ago. Modeling finds differential size distribution = −3.1 (cumulative index -2.1). This is not as steep and is therefore coarser than the size distributions of the other disrupted asteroids. Kehoe et al. argue the fines are being removed by radiation pressure, which has occurred over a significantly longer time compared to the other three disrupted asteroids. These findings are summarized in Table 2 . -----3.1 ------Itokawa (Hayabusa) 6,770 12,600 1,220 Note 1: The particle diameter for which 50% of the mass is finer, calculated by integration using min , max , and from the table. Note 2: The volume-averaged mean particle diameter per Eq. (7), calculated by integration using min , max , and from the table. Note 3: The particle surface area-averaged mean particle diameter per Eq. (8), calculated by integration using min , max , and from the table.
We integrated the differential size distribution functions defined by Table 2 to find several versions of median or average particle size, also reported in Table 2 . In each case the values are one or more orders of magnitude finer than the corresponding values calculated for Itokawa's surface material. This is probably because min and max measured from disrupted asteroids depended upon telescope detection limits and ejecta escape velocities, so they probably do not represent particle size limits of the bulk regolith. It is possible min and max in bulk regolith vary with size of the asteroid as suggested for the surficial deposit by GB, but data are inadequate to constrain them. The power law indices for disrupted asteroids are very close to the value -3.5 predicted by Dohnanyi (1969) for collisional equilibrium and is remarkably constant across size ranges of the parent bodies, suggesting that bulk asteroid regolith is in fact in collisional equilibrium despite a non-equilibrium lag deposit at the surface.
Regolith Breccia Meteorites
Finally, we examine the brecciated HED meteorites, which as regolith breccias are fossilized regolith. It is believed the parent body of most HEDs is Vesta (McSween et al., 2010) , which is not the typical gravity environment for smaller asteroids. Several studies have analyzed HED texture (Labotka and Papike, 1980; Fuhrman and Papike, 1982; Pun et al., 1998) and counted particles into three bins: 1 , 20 µm to 200 µm; 2 , 200 µm to 2000 µm; and 3 , >2000. Some also reported volume of material < 20 μm but without particle counts. This coarse binning is inadequate to calculate a particle size distribution, but if we assume they have a power law that extends over the middle two bins the effective index can be calculated, * = log 10 2 1 − 1 (12) Table 3 shows the available data and the calculated values of * . The mean value of the last column is * ̅̅̅ = −0.82 ± 0.28, so whether or not it is actually a power law we conclude the parent body's regolith is very far from collisional equilibrium and therefore dissimilar to the bulk regolith of the smaller, disrupted asteroids. For comparison, the lunar regolith is another surface that is not in collisional equilibrium. Fitting a power law to the average size distribution of lunar soil from Carrier (2003) , after converting it to differential number of particles, we find its index is = −4.8 for > 100 μm. This indicates lunar soil is overly fine compared to collisional equilibrium, whereas the HED textures are overly coarse. Perhaps the HED regolith was very immature and buried by subsequent collisions. In any case, the data disagree with the power law from disrupted asteroids so we choose not to base our reference model on the HEDs.
Conclusion
Based on these considerations, we define "Version 1.0" of an asteroid regolith simulant reference model, 
where Min S , Max S , Min B , and Max B depend upon the asteroid size and its history, but they are unconstrained until more data are available and they are treated as user-selectable parameters for simulant users. This is a very simplistic model that neglects the differences in smooth versus blocky terrains of an asteroid, for example, but it is a starting point that will be iterated and improved as more data become available. An asteroid regolith simulant can be scored per NASA's Figure of Merit system by how closely it matches these power laws for replicating either surficial or bulk regolith. Simulant users can modify an asteroid simulant to match a desired asteroid's min and max according to their model of the target body by sieving to reduce the simulant's particle size range or by crushing cobbles/regolith as additives to extend its particle size range, if desired. Metzger 
